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Abstract An easy to implement and convenient method
to measure the mean size of oil bodies (OBs) in plant seeds
is proposed using a pulsed field gradient nuclear magnetic
resonance (PFGNMR) approach. PFGNMR is a wellknown technique used to study either free or restricted
diffusion of molecules. As triacylglycerols (TAG) are
confined in OBs, analysis of their diffusion properties
is a well-suited experimental approach to determine OB
sizes. In fact, at long diffusion time, TAG mean squared
displacement is limited by the size of the domain where
these molecules are confined. In order to access the OB
size distribution, strong intensities of magnetic field gradients are generally required. In this work we demonstrate
for the first time that a standard liquid-phase NMR probe
equipped with a weak-intensity gradient coil can be used
to determine the mean size of OBs. Average sizes were
measured for several seeds, and OB diameters obtained by
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PFGNMR were fully consistent with previously published
values obtained by microscopy techniques. Moreover, this
approach provided evidence of TAG transfer through the
network of interconnected OBs, which is dependent on
the ability of adjacent membranes to open diffusion routes
between OBs. The main advantage of the NMR method is
that it does not require any sample preparation and experiments are performed with whole seeds directly introduced
in a standard NMR tube.
Keywords PFGNMR · Mature seeds · Oil body size ·
In situ determination · Storage lipids · Lipid quantification ·
TAG
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Introduction
Lipids can be one of the most abundant constituents of
seeds in oleaginous crops. They are mainly found as triacylglycerols (TAG). TAG are very important components in
the biochemistry of plants (Chapman et al. 2012). Besides
their relevance in human and animal feeds, they appear as
a potential source of renewable and sustainable energy that
does not participate in atmospheric CO2 enrichment (Pinzi
et al. 2009; Russo et al. 2012; Atabani et al. 2013). They
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can be used to reduce simultaneously global warming and
depletion of fossil-fuel resources.
In seeds, TAG are stored in small subcellular spherical
structures—oil bodies—composed of TAG surrounded by a
layer of phospholipids and structural proteins which ensure
oil body stability. The average OB diameters of the majority of vegetable seeds among common crops range from
0.5 to 2 microns (Huang 1992, 1996; Murphy 1993; Tzen
et al. 1993; Murphy et al. 2001; Hsieh and Huang 2004).
The range of their size distribution is variable and depends
on taxonomy and abiotic factors. For many applications,
in either fundamental or applied research, assessing these
morphological parameters with a robust and fast technique
could provide a breakthrough in this field and may be of
primary importance for seed and oil producers.
Most data on oil body size have been obtained by electron or optical microscopy. Although the results are reliable, the sample preparation is very time consuming and
not straightforward. The steps of sample fixation, sectioning, and staining are required for most microscopy techniques. Light scattering and microscopy techniques are also
used for measurement of the size and behavior of isolated
OBs (Jolivet et al. 2013). The pertinent third-harmonic
generation microscopy technique allows study of OBs in
nontreated seeds, but it has not been developed as a routine method up to now (Debarre et al. 2006). Furthermore,
for all quantitative microscopy measurements, a statistical
approach is essential for the interpretation of the results
(Miquel et al. 2014).
In the context of seed characterization, NMR spectroscopies have appeared as valuable alternative methods
to investigate seed features at different length scales. At
molecular level, high-resolution solid-state 13C or 1H NMR
studies using magic-angle spinning of the sample have
undoubtedly appeared as a rapid and noninvasive method
to study the components of solid and mobile seed domains
(Odonnell et al. 1981; Bardet et al. 2001, 2006; Terskikh
et al. 2005). On a large spatial scale (30 µm × 30 µm),
magnetic resonance imaging (MRI) has been used for
quantitative imaging of oil storage without direct access
to OB sizes (Neuberger et al. 2008; Fuchs et al. 2013). To
investigate their morphological and dynamical properties,
liquid-state NMR is an appropriate method; for instance,
the amount of mobile TAG can be directly measured and
the sizes of OBs revealed by using NMR spectroscopy with
pulsed magnetic field gradients.
In fact, pulsed field gradient nuclear magnetic resonance (PFGNMR) has been demonstrated to be a powerful method to measure the self-diffusion coefficient and to
characterize the restricted diffusion in mesoporous media
and confined systems (Stejskal and Tanner 1965; Tanner
and Stejskal 1968; Price 1997, 1998). PFGNMR and also
permanent field gradient methods have been applied to
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TAG moieties to characterize the morphology of OBs in
seeds (Fleischer et al. 1990; Zakhartchenko et al. 1998;
Carlton et al. 2001; Guillermo and Bardet 2007). A complete methodological approach has been reported, showing that it was possible to use PFGNMR experiments to
determine both the average size of oil bodies and their size
dispersion (Guillermo and Bardet 2007). It is clear that
TAG diffusion obeys a restricted process due to their confinement in small, micrometric volumes. Analysis of the
PFGNMR signal from confined TAG allowed the size dispersion of the OBs to be determined. In this work, a strong
gradient NMR probe dedicated to diffusion measurements
was used (max. gradient ~10 T m−1). To apply this method
as a robust laboratory technique for biological applications, it is necessary to extend it to standard liquid-phase
NMR probes equipped with weak gradients (max. gradient
~0.5 T m−1). Such gradients are commonly used to select
appropriate coherence pathways in multipulse experiments.
They are also used in liquid-phase NMR to edit selectively
the subspectrum of each component of a mixture according
to the self-diffusion coefficients in the experimental technique known as diffusion-ordered spectroscopy (DOSY)
(Morris and Johnson 1992). The aim of the present work
is to demonstrate that such equipment is adequate to measure the mean diameters of oil bodies inside seeds. The main
features of the method we propose are the following: (1) It
does not require any dedicated sample preparation; (2) It
is a fast method; (3) It can be implemented on NMR spectrometers available in numerous biology laboratories. One
can notice that the experimental constraints specific to the
method match the conditions of TAG contained in oil bodies. First, OB sizes coincide with the spatial resolution (a
few microns) of the PFGNMR experiment. Second, the
proton relaxation rates of TAG are long enough to allow
their diffusion properties to be characterized at long diffusion times. Moreover, as the TAG amount in seeds can
be also quantified using direct proton excitation (Mantese
et al. 2006; Samii-Saket et al. 2011), its correlation with the
size of oil bodies can also be achieved.

Materials and methods
Plant material
Seeds of sunflower (Helianthus annuus), sesame (Sesamum
indicum), mustard (Brassica nigra), walnut (Juglans regia
L.), and lettuce (Lactuca sativa), all in a dormant physiological state, were used for these experiments. Sesame,
mustard, and lettuce seeds were put directly into a 5-mmdiameter NMR tube with no other preparation. The fresh
weight (FW) of seed samples was between 30 and 50 mg.
The height of seeds in the tube was about 6–9 mm. For
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sunflower, the pericarps were removed and the seeds analyzed one by one. After the NMR experiment, the germination ability of the seeds was verified to be unaffected
(germination on water-imbibed Whatman paper). For analyses of walnut (Juglans regia L.), a homogeneous piece of
kernel compatible with a 5-mm NMR tube was prepared
(~40 mg). The dry weight (DW) of seeds was determined
after 48 h drying at 60 °C.
NMR experiments
All NMR measurements were performed at 298 K with a
Bruker AVANCE 500 spectrometer equipped with a 5-mm
BBI-xyz-gradient probe. This equipment cannot detect
the solid domains of seeds, which requires the CPMAS
technique and corresponding probe, so only NMR spectra
of mobile (liquid-state) species were recorded. For TAG
quantification, the sample volume was smaller than the volume of the radiofrequency coil of the probe. To take into
account the different filling factors of the coil, probe settings and pulse calibration were checked for each sample.
The receiver gain was kept constant for a series of seeds
and the oil reference. The experiments were done with a
recycling delay five times longer than the longest spin–lattice relaxation time. The NMR probe sensitivity was calibrated by using known amounts of olive oil placed in an
NMR tube, which was used as a reference for the quantification of TAG in seeds. The 1H NMR spectra were referenced by setting signal #4 (Fig. 2b) assigned to α-protons
of TAG glycerol to 4.08 ppm with respect to tetramethylsilane (TMS) set to 0 ppm (Sacchi et al. 1997). The calibration was carried out by adding to a sunflower oil sample
a small volume (5 % v/v) of CDCl3 containing 1 % (v/v)
TMS.
In pulsed field gradient 1H NMR mode, the diffusion filtered spectra were recorded with the standard bipolar pulse
sequence (Fig. 1) combining a radiofrequency stimulated
echo of the magnetization and a bipolar pulsed gradient
sequence (Cotts et al. 1989; Fordham et al. 1994; Wu et al.
1995). The amplitude g of the trapezoidal gradient pulses
was varied from 5 to 98 % of the maximum amplitude
(0.48 T m−1). This trapezoidal shape of the gradient pulse,
of which the integral is 90 % of a rectangular δ pulse, was
taken into account to calibrate the gradient value. The diffusion coefficients D were calculated according to the
equation

I/I0 = exp(−kD),
2

(1)

with k = (γHgδ) (Δ − δ/3 − τ/4), where I is the spectrum integral at g and I0 is the integral value extrapolated
to zero gradient, γH is the hydrogen gyromagnetic ratio
(2.6752 × 108 rad s−1 T−1), D (m2 s−1) is the diffusion
coefficient of the considered species, and δ and Δ are the
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Fig. 1  1H PFGNMR sequence used in this work (Wu et al. 1995).
Two elementary pulse blocks [π/2, δ/2, τ/2, π, δ/2, τ/2, π/2] are separated by a long diffusion time (Δ − τ − δ). The rise time and fall
time of gradient pulses are equal to 10 % of the total pulse duration.
The sequence corresponds also to the so-called type 13 interval (case
1) reported in Cotts et al. (1989) for minimizing the effects of residual steady gradients

gradient pulse duration and delay during which the diffusion is observed. In this sequence, delays (δ + τ) and
[Δ − (δ + τ)] are the evolution times for the transverse,
T2, and longitudinal, T1, relaxations, respectively. The diffusion time range available for a given molecular system
depends on its longitudinal relaxation rate properties, I0
being proportional to exp[−2(δ + τ)/T2 − (Δ − δ − τ)/T1
]. The T1 and T2 values measured at 500 MHz with the
integral of TAG spectra (T1 ≈ 0.5–0.6 s and T2 ≈ 0.03 s
at 298 K) were actually a favorable experimental feature:
long T1 is necessary for PFGNMR measurement at long
diffusion time Δ, and T2 is long enough to avoid strong
attenuation of the signal during the delay (δ + τ). Moreover, the monoexponential behaviors of both T2 and T1 show
that a single TAG moiety is monitored by the PFGNMR
experiment. The experiments were done with δ/2 ranging
between 1.5 and 3 ms, τ/2 equal to 0.2 ms, and Δ varying
from 10 ms to 1 s. Data were analyzed using commercial
software (Bruker Biospin).

Results and discussion
General features of 1H NMR spectra
The typical 1H NMR spectra obtained respectively for
a sunflower seed and pure sunflower oil are compared in
Fig. 2. Despite the observed line broadening, the 1H NMR
spectrum of the sunflower seed (Fig. 2a) superimposes
on the spectrum of the mobile TAG molecules in bulk oil
(Fig. 2b).
The NMR signal broadening of lipids in the sunflower
seeds is mainly due to a distribution of the magnetic field
intensity inside the seed. This field intensity dispersion
is a consequence of the heterogeneous consistency of the
sample. The high spatial homogeneity of the magnetic field
typically required for homogeneous liquid samples cannot
be achieved here, and spectral resolution is lost. For such
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Fig. 2  500-MHz 1H NMR spectra of TAG molecules in a sunflower
seed (a) and in sunflower oil (b) with the following NMR assignment: (1) –CH=CH–, (2) –CHO–, (3, 4) –CH2O– of glycerol moiety, (5) =CH–CH2–CH=, (6) –O–CO–CH2–, (7) -HC=CH–CH2–
(CH2)n–, (8) –O–CO–CH2–CH2–, (9) –(CH2)n–, (10) –CH3
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samples, magic-angle spinning would be the classical way
to recover high-resolution features (Bardet et al. 2001).
Proton pulsed field gradient NMR: OB size determination
As mentioned previously, the vegetable seed medium is not
homogeneous enough for high-resolution NMR requirements. This means that, for Eq. 1 to remain valid, the
PFGNMR sequence has to minimize the effects of static
field gradients coming from the heterogeneous structure
of the sample. The PFGNMR sequence we used was one
of the sequences known to be efficient for removing the
contribution of static gradients (Cotts et al. 1989). In the
PFGNMR experiments reported in the present work, the
attenuation of spectra integrals (Eq. 1) was obtained by
increasing gradient intensities while keeping constant the
delays of the PFGNMR sequence (Fig. 1). A typical series
of spectra recorded in such conditions is shown in Fig. 3a.
The relatively small attenuation of the NMR signal is
a consequence of the weak gradients available with the
chosen NMR equipment. However, let us recall that we
focus here on the determination of the mean size of oil
bodies only. We do not aim to access the size distribution, which would necessitate stronger signal attenuation as obtained by using specific equipment such as a
high-gradient NMR probe dedicated to diffusion measurements (Guillermo and Bardet 2007). It is worth noting that the beginning of the attenuation curve, used in
this work for OB size determination, is fully relevant
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Fig. 3  a 500-MHz 1H NMR stack-plot of sunflower seed spectra
recorded by PFGNMR with increasing gradient strength. Experimental conditions in Fig. 1 and for Eq. 1 are: Δ = 400 ms, δ/2 = 3 ms,
τ/2 = 0.2 ms, g varying from 5 to 98 % of the maximum amplitude
(0.48 T m−1). The diffusion coefficient was calculated by fitting
experimental data with Eq. 1, Dmeas = (7.9 ± 0.2) × 10−13 m2 s−1. b
Semilogarithmic plot of the attenuation function I/I0 highlighting the
k-range used to calculate Dmeas

to characterize TAG diffusion properties by a diffusion
coefficient Dmeas provided that the attenuation obeys a
pure exponential shape versus the factor k. Using Eq. 1,
with a diffusion delay set to 400 ms, the TAG diffusion
coefficient was found to be Dmeas = (7.9 ± 0.2) × 10−13
m2 s−1 (Fig. 3b). With the same experimental conditions,
the self-diffusion coefficient of sunflower oil was equal
to (1.13 ± 0.03) × 10−11 m2 s−1.
Assuming that all TAG molecules are embedded in oil
bodies, the low diffusion coefficient measured for TAG
inside seeds compared with its value in bulk oil points to
an apparent slowing down of the molecules’ dynamics
that can be attributed to restricted molecular motions. In a
Brownian diffusion process, the product DΔ, where D is
the self-diffusion coefficient, is proportional to the mean
squared displacement (MSD) of molecules (〈r2〉 ~ DΔ)
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Fig. 4  Self-diffusion of TAG in bulk sunflower oil and restricted diffusion of TAG in oil bodies in four seeds. The mean squared displacement DmeasΔ is plotted versus the diffusion time Δ. The corresponding OB mean diameters are given in Table 1

(Price 1997). Thus, to evidence an effect of confinement,
the experiment described in Fig. 3 was repeated, changing
the diffusion time Δ, in order to find an upper limit of the
MSD value. In Fig. 4 the product DmeasΔ is plotted versus the diffusion time for TAG in OBs and bulk oil. This
representation of the experimental results clearly shows
that the MSD measured in seeds reaches a plateau value at
long diffusion time while in bulk oil the MSD was proportional to time as expected for free diffusion. Free diffusion
is observed when molecules never meet physical barriers
restricting their displacements during the diffusion time
Δ. In this case, Dmeas is an actual self-diffusion coefficient
independent of the delay Δ and the mean squared displacement 〈r2〉 obeys 〈r2〉 = 6DmeasΔ (Price 1997). This property is verified for the sunflower oil (Fig. 4), for which 〈r2〉
is roughly equal to 70 μm2 for Δ = 1 s, which is in fact a
mean squared displacement small enough to be considered
as a nonconfined displacement at the millimeter scale of the
NMR tube.
Data reported in Fig. 4 reveal similar diffusion properties at very short diffusion times for sunflower oil, walnut,
and sunflower seeds. We conclude that quasifree diffusion operates for TAG in these oil bodies within this time
scale. This suggests that, for MSD smaller than OB sizes,
the translational mobility of TAG molecules remains that
of molecules in oil. This result was corroborated by the
longitudinal relaxation properties; indeed, very similar T1
values (0.5–0.6 s) were found for TAG molecules in seeds
and in bulk oil. This means that fast molecular motions
were not slowed down by this confinement level. Our conclusion is that the oil viscosity in oil bodies is unaffected
by the confinement constraint. For long diffusion times,
the mean squared displacements of TAG in seeds reach a
plateau regime. The crossover between the free diffusion

D∆ /a2 ≈ 1
Dmeas< D

D∆ /a2 >> 1
Dmeas∆ = a2/5

Fig. 5  Schematic representation of TAG molecule diffusion in a
spherical OB of radius a

regime and the confined one occurs at a diffusion time even
shorter than the limit value of the MSD. In the case of walnut seeds, we observe a more gradual trend to the plateau
regime that is consistent with a larger polydispersity of
OB size for this seed than for the other ones. To assess this
hypothesis, the use of stronger gradient would be necessary
(Guillermo and Bardet 2007).
In order to comment on the general behavior of the diffusion properties arising from these restricted diffusion
conditions, a schematic description is presented below
(Fig. 5a–c). The meaning of the PFGNMR experiment
depends on the value of the dimensionless number DΔ/a2
that compares the molecular displacement expected in case
of free diffusion with the typical size a of confinement
domains (Price 1997; Guillermo and Bardet 2007).
1. For low DΔ/a2 values, the molecular motion is free
of restriction and an actual self-diffusion coefficient
is measured by the PFGNMR experiment Dmeas = D
(Fig. 5a).
2. For intermediate values of DΔ/a2, the probability of
contact with the confinement barrier increases with diffusion time Δ (Fig. 5b). This looks like a progressive
slowing down of the molecule at the measurement time
scale. The diffusion coefficient calculated with Eq. 1 is
smaller than D and decreases with Δ, yielding a curvature of the plot of DmeasΔ versus Δ. This curvature was
described by an exponential function of the number
DΔ/a2 (Guillermo and Bardet 2007).
3. For large values of DΔ/a2, the conditions for confined
diffusion are reached (Fig. 5c). The mean squared displacement 〈r2〉 cannot exceed the physical limits of the
confinement volume. The product DmeasΔ tends toward
a plateau, the value of which depends on the volume
geometry. In case of confinement in spherical domains
of radius a, the limit value of the product DmeasΔ is
a2/5 (Tanner and Stejskal 1968). Thus, at long diffusion times, Eq. 1 is rewritten as
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Table 1  OB diameters for seed of four species calculated from PFGNMR experiments in Fig. 4
Seeds

% TAG/FW

Δ range (s)

DmeasΔ (m2)

OB diameter
(µm)

Walnut

73

0.7–1

Sunflower
Sesame

59
56

0.4–1
0.25–0.7

(9.75 ± 0.04) × 10−13

Mustard

49

0.2–0.6

4.42 ± 0.01
2.58 ± 0.017
2.27 ± 0.02

(3.33 ± 0.04) × 10−13
(2.57 ± 0.05) × 10−13
(2.94 ± 0.15) × 10−14

0.77 ± 0.015

“Δ range” indicates the plateau domain where the average and standard deviation values of DmeasΔ were calculated. OB diameters are given by
the relation dnmr = 2(5 DmeasΔ)1/2 arising from Eqs. 1 and 2

Applying this schematic description to TAG within seed
oil bodies, the reference number DΔ/a2 can be estimated
from the measured value of TAG diffusivity in oil, typically
D ≈ 10−11 m2 s−1, and the oil body sizes published by Tzen
et al. (1993). The OB radius a is given on the order of one
micrometer, yielding DΔ/a2 ≈ 1 for Δ ≈ 0.1 s for TAG in
OBs. Thus, to observe the free–confined crossover of diffusion properties, PFGNMR experiments were performed
with a diffusion time range of 10 ms to 1 s (Fig. 4). The
sizes of OBs were calculated according to the relationship
that exists at long diffusion times between the experimental plateau value of DmeasΔ and the radius a of the lipid
domains of OBs: a2/5 = DmeasΔ (Fig. 5c, Eq. 2). However,
as shown by microscopy or light diffusion, the system of
oil bodies is characterized by polydisperse values of OB
radius, with a log-normal distribution often being observed
(Tzen et al. 1993). The NMR signal of a given OB is proportional to the number of TAG molecules inside it. In other
words, the intensity of the NMR signal due to an OB is proportional to its volume. Thus, the plateau value of the product DmeasΔ leads to the measurement of a volume-weighted
mean value of the OB size distribution (Guillermo and Bardet 2007). Table 1 gives the OB diameters obtained from
the results of PFGNMR experiments reported in Fig. 4.
Thus, the mean diameters dnmr range from 0.8 to 4.4 µm.
As mentioned in the experimental part, these experiments
were feasible because the 1H longitudinal relaxation times
of vegetable oils are long enough (0.5–0.6 s at 500 MHz) in
comparison with the investigated range of diffusion times.
In addition, the available gradients were strong enough
to characterize micrometric confinement. Let us note that
the PFGNMR measurement depends on the squared size,
which increases the sensitivity of this method to determine
the OB size.
For comparison with literature data, both PFGNMR
and microscopy results are shown in Fig. 6. OB diameters dnmr of sesame and mustard seeds are compared with
values given by Tzen et al. (1993). The sunflower seed
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Fig. 6  Comparison of diameter values obtained by PFGNMR and
data obtained by microscopy from the literature for mustard (Brassica juncea L.) and sesame (Sesamum indicum L.) (Tzen et al. 1993),
and sunflower ‘Dakar’ cultivar (Mantese et al. 2006). For sunflower,
the comparison was done for a given TAG amount (~56 % TAG/DW,
i.e., 53 % TAG/FW). For NMR, error bars were calculated from three
independent measurements. For microscopy, the error bar given by
Mantese et al. was used

containing ~56 % TAG/DW is compared with that of sunflower ‘Dakar’ cultivar (Mantese et al. 2006) in order to
compare seeds with alike amounts of TAG. As mentioned
previously, the average size obtained by PFGNMR is
weighted by the volume of the vesicles. This implies that
the PFGNMR method leads to a mean value larger than
the arithmetic mean of diameter values. Such is the case
for sunflower seeds, whose average OB size obtained by
PFGNMR is compared with the arithmetic mean determined from microscopy data (Mantese et al. 2006).
However, when microscopy data are used to calculate
the diameter of the average volume (Tzen et al. 1993),
the agreement is improved as shown for the example of
mustard and sesame seeds. The agreement between the
two methods demonstrates that a valuable in vivo characterization of OB sizes can be obtained using weak field
gradients.
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Correlation between oil body size and triacylglycerol
amount
The PFGNMR measurements for the sunflower seeds containing 59 and 53 % TAG/FW give different OB diameters
of 2.58 and 2.43 µm, respectively (Table 1; Fig. 6). As mentioned by several groups (Mantese et al. 2006; Jolivet et al.
2013), OB size can be correlated to the total amount of TAG.
In order to illustrate this point, we studied a series of commercial sunflower seeds with variable amounts of TAG. The
NMR methods were applied to determine both the lipid
amount in seeds and the size of their oil bodies. Using experimental conditions presented in the “Materials and methods”
section, NMR quantification of TAG was obtained by integration of their 1H NMR spectra in order to determine the
amount of TAG for each seed. In Fig. 7, mean OB diameters
are plotted versus the weight to weight percentage of TAG in
the fresh seeds. It is clear that the OB diameters increase with
the amount of TAG. Very interestingly, this result is consistent
with previous works based on microscopy and light scattering
studies of isolated oil bodies extracted from sunflower (Mantese et al. 2006) and rapeseed (Jolivet et al. 2013).
The amount of TAG is proportional to the volume
3
of OBs, i.e., proportional to the product NOBdnmr
with
NOB being the number of OBs. However, experimentally
we observe a quasilinear dependence between the amount
of lipids and the mean diameter. This means that, in these
mature seeds, NOB decreases as the square of the size
when the total amount of TAG is increasing in the range
45–65 %. This therefore indicates that an increase in the
amount of TAG in the mature seeds leads to a decreasing
number of increasingly large OBs.

Fig. 8  Diffusion of TAG in lettuce seeds at different temperatures.
The MSD DmeasΔ is plotted versus the diffusion time Δ

Long‑range displacements of TAG through OB network
The plateau dependence previously shown (Fig. 4) should
not be considered as a systematic behavior. In fact, we
observed several examples for which the plateau regime
was never reached. For some species, a linear increase of
the mean squared displacement of TAG is observed instead
of the flat dependence; for instance, the results obtained
for lettuce seeds are shown in Fig. 8. In this example, the
observed slopes appear to be temperature dependent, and
they were shown to be perfectly reversible in this temperature range. This linear increase means that an additional
free self-diffusion process is observed for long diffusion
times Δ corresponding to long-range MSD. However, we
observed that the extrapolations of these linear dependences at Δ = 0 converge to the same displacement value
that corresponds to the oil bodies size. This means that the
random walk of TAG inside oil bodies and their additional
mean squared displacement are two independent processes.
Accordingly, the long-range TAG displacement does not
prevent the determination of the oil bodies size (OB diameter is 1.54 ± 0.05 µm).
A random motion of the oil bodies themselves cannot
be considered as a relevant explanation for this additional
mobility. Indeed, the strong packing of OBs in mature
seeds as observed by microscopy (Walters et al. 2005;
Mantese et al. 2006; Chua et al. 2008; Hu et al. 2013)
and the quasisolid feature of the matrix containing OB
as shown by solid-state NMR spectroscopy (Bardet et al.
2001) are arguments against the OB mobility hypothesis.
Moreover, the activation energy calculated from the temperature dependence of this long-range diffusion coefficient is equal to 33 kJ mol−1, within the temperature
range 275–318 K. This is close to the values found for
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sunflower and walnut crude oils of 38 and 30 kJ mol−1,
respectively. Consequently, this long-range diffusion process measured in mature seeds can be undoubtedly attributed to TAG themselves and not to any OB displacement.
PFGNMR experiments reported in Fig. 8 show that this
long-range diffusion coefficient (a few 10−13 m2 s−1) is
much smaller than the corresponding coefficient in crude
oil (about 10−11 m2 s−1). Therefore, to explain this additional free displacement of TAG, we propose the occurrence of inter-OB connectivity with a slow exchange of
molecules between neighboring reservoirs (Hindmarsh
et al. 2005; Sanders et al. 2009). This possibility is supported by the observation of OB fusion reported in literature (Leprince and Hoekstra 1998; Hsieh and Huang
2004; Miquel et al. 2014). Further investigations will be
necessary to better understand the origin of this additional diffusion process.

Conclusions and perspectives
The present work demonstrates that relevant information about the average size of oil bodies inside seeds can
be obtained directly without specific preparation of the
sample by using PFGNMR with weak field gradients.
The breakthrough of this method we propose for characterizing OBs in seeds is its suitability for use with standard liquid-state NMR spectrometers. In fact, the magnetic field gradient available is strong enough to record
the first percents of the PFGNMR attenuation function,
allowing the determination of a mean diameter of the
micrometric oil bodies. It is worth noting that properties
of OB membranes can also be inferred due to the in vivo
feature of the PFGNMR method. This reveals evidence
of TAG transfer through the network of interconnected
OBs, which is dependent on the ability of adjacent membranes to open diffusion routes between OBs. Numerous Δ values are not necessary to evidence the existence of a plateau regime of TAG displacements in order
to measure the OB mean size. For routine studies a few
(4–5) long Δ values may be sufficient. The acquisition
of PFGNMR attenuation functions at different diffusion
delays Δ can be fully automated, and a sample changer
can be used to analyze series of seeds. The PFGNMR
method for OB size determination can therefore be a
very rapid method, around 15–20 min per sample, that
can be adapted to high-flow NMR studies. Taking into
account the fact that the PFGNMR method does not
require any preparation of the seed samples, it is clear
that combining NMR spectroscopy and PFGNMR
appears to be a powerful tool for rapid screening of TAG
structures and OB size in oleaginous seeds.
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